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Summary  A  composite  material,  in  mechanics  sense,  is  a  structure  with  the  ingredients  as
element transferring  forces  to  adjacent  members.  The  issue  of  defects  and  their  effect  on  the
mechanical  properties  of  composites  is  of  great  concern  among  high  end  users.  Experimental
investigation  of  failure  modes  of  composite  materials  requires  correlating  the  fundamentals
of composite  materials,  their  mechanical  properties  as  well  as  their  failure  characteristics
in the  presence  of  defects.  In  this  paper,  three  formats  of  defects  of  hole  (single,  double
and quadruple)  as  a  discontinuity  were  incorporated  along  with  tensile  testing.  Unique  failure
modes of  these  specimens  provided  overview  regarding  mechanical  behaviour  of  composite
materials containing  defects.  Certain  correlations  were  observed  between  defects  and  resulting
properties.  Results  are  in  agreement  with  general  behaviour  of  FRP  composite  laminates  and  it
can be  concluded  that  for  low  deformation  in  composite  laminates,  number  of  layers  must  be
increased,  which  at  the  same  time  results  in  increase  of  von-Mises  stress.  Fibres  are  the  main
constituents  which  are  responsible  for  strength  of  a  composite  laminate  and  they  along  with
ﬁbre orientation,  play  an  important  role  on  its  load  bearing  capacity.  It  can  be  inferred  based
on the  analysis  that  cross-ply  conﬁguration  [0◦/90◦]  has  good  load  bearing  capacity  as  well  as
least deﬂection  emphasizing  more  strength.
© 2016  Published  by  Elsevier  GmbH.  This  is  an  open  access  article  under  the  CC  BY-NC-ND  license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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cntroductionRPs  during  manufacture  involve  ﬂaws  or  defects,  which  get
ntroduced  into  the  system  and  may  act  as  stress  raisers
r  failure  initiators.  These  factors  are  to  be  accounted  for
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icenses/by-nc-nd/4.0/).nalysing  mechanisms  controlling  the  micro-failure  of  the
omposites,  which  is  categorized  as:
 ﬁbre  dominated  failure  —  breakage,  micro-buckling  and
dewetting,
 bulk  matrix  dominated  failures  —  voids,  crazing,
 interface/ﬂaw  dominated  failures  —  crack  propagation,
edge  delamination  (Mukhopadhyay,  2009).
Failure  of  FRP  laminate  is  gradual.  When  a  particular  lam-
na  fails  in  a  laminate,  a  redistribution  of  stresses  takes  place
icle under the CC BY-NC-ND license (http://creativecommons.org/
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Nomenclature
F1T longitudinal  tensile  strength
F2T transverse  tensile  strength
F1C longitudinal  compressive  strength
F2C transverse  compressive  strength
F6 in-plane  shear  strength
E1 longitudinal  elastic  modulus
E2 or  E3 transverse  elastic  modulus
G12 or  G23 or  G13 in-plane  modulus  of  rigidity
12 or  23 or  13 in-plane  Poisson’s  ratio
  density
Table  1  Material  properties  —  AS4D/9310.
Property  AS4D/9310
E1 [GPa]  133.86
E2 =  E3 [GPa]  7.706
G12 =  G13 [GPa]  4.306
G23 [GPa]  2.76
12 =  13 [GPa]  0.301
23 [GPa]  0.396
P [g/cc]  1.52
F1T [MPa]  1830
F1C [MPa]  1096
F2T =  F3T [MPa]  57
F2C =  F3C [MPa]  228
Figure  1  Simply  supported  laminate  [0/90]1 —  vertical  defor-
mation  and  equivalent/Von-Mises  stress.
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2  to  10  to  20.  This  gives  the  conclusion  that  for  reducingF6 [MPa]  71
in  the  remaining  laminae.  Lamina  strength,  which  is  direc-
tionally  dependant,  is  the  basic  element  considered  for  the
strength  and  failure  analysis  of  a  laminate.
Finite element model
A  simply  supported  square  plate  is  considered  with  dimen-
sions:  ax =  ay =  2000  mm,  thickness  t  =  10  mm  laminated  with
AS4D/9310  (Table  1)  in  a  [0/90]n conﬁguration.  Centre
deﬂection  perpendicular  to  the  plate  surface  when  the  num-
ber  of  layers  is  n  =  1,  5,  10,  needs  to  be  tabulated.  The  plate
is  loaded  in  compression  with  an  edge  load  Nx =  −1  N/mm
(Barbero,  2014).
A model  of  composite  laminate  [0/90]n (Arslan,  2008)
for  AS4D/9310  is  modelled  and  simulated  using  Ansys
R14.5,  with  simply  supported  compressive  loading  value  of
Nx =  −1  N/mm.  For  different  values  of  n  (1,  5,  10),  centre
deﬂection  perpendicular  to  the  plate  surface  is  tabulated
and  veriﬁed  with  the  results  (Hakim  and  Aljibori,  2010).
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Table  2  Comparative  analysis.
S.  No.  Laminate  Vertical  d
1  [0/90]1 0.089077  m
2 [0/90]5 0.0074507
3 [0/90]10 0.0036527igure  2  Simply  supported  laminate  [0/90]5 —  vertical  defor-
ation  and  equivalent/Von-Mises  stress.
esults and discussion
s  per  the  results  of  FEM  analysis  and  mode  shape  analysis,  it
s  seen  that  increase  in  the  number  of  layers  in  a  simply  sup-
orted  antisymmetric  cross-ply  laminate  [0/90◦]n results  in
ecreased  maximum  vertical  deﬂection  (at  the  centre),  and
ncreased  maximum  equivalent  stress  (von-Mises)  stress,  as
he  layers  in  laminate  vary  from  2  to  10  and  20  respectively.
able  2  shows  comparative  analysis  of  ‘‘vertical  deﬂection’’
nd  ‘‘equivalent  (von-Mises)  stress’’  as  per  Figs.  1—3. It
s  quite  evident  that  for  simply  supported  anti-symmetric
ross-ply  laminates  [0◦/90◦]n,  the  maximum  vertical  deﬂec-
ion  decreases,  whereas  the  equivalent  (von-Mises)  stress
hows  an  increase  on  variation  of  number  of  lamina  fromeformation  in  composite  laminates,  number  of  layers  must
e  increased,  which  at  the  same  time  results  in  increase  of
quivalent/von-Mises  stress.
eformation  (Max)  Equivalent  stress  (Max)
m  0.19072  MPa
 mm  0.23033  MPa
 mm  0.24406  MPa
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Higure  3  Simply  supported  laminate  [0/90]10 —  vertical  defor-
ation  and  equivalent/Von-Mises  stress.
onclusions
esults  are  in  agreement  with  general  behaviour  of  FRP  com-
osite  laminates  and  it  can  be  concluded  that  for  reducing
eformation  in  composite  laminates,  number  of  layers  must
e  increased,  which  at  the  same  time  results  in  increase  of
on-Mises  stress.  Fibres  are  the  main  constituents  which  are
esponsible  for  strength  of  a  composite  laminate  and  they
long  with  ﬁbre  orientation,  play  an  important  role  on  its
oad  bearing  capacity.  It  can  be  inferred  based  on  analysis
hat  cross-ply  conﬁguration  [0◦/90◦]  has  good  load  bearing
apacity.  Also  for  the  same  load,  plate  with  cross-ply  con-
guration  has  the  least  deﬂection  which  emphasizes  more
trength  compared  to  other  stacking  sequences.  Plate  with
MN.  Jauhari  et  al.
iscontinuities/holes  has  reduced  load  bearing  capacity  and
ncreased  deformation  on  account  of  reduction  in  strength
ue  to  material  removal.
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